ABSTRACT Myoblast-extracellular matrix interactions mediated by integrin receptors have been shown to play a pivotal role in skeletal muscle development. In the current study, the avian genetic muscle weakness, low score normal (LSN), which exhibits modified myotube and sarcomere structure and a reduction in β1 integrin expression during satellite cell differentiation, was used as a model system to further investigate the role of β1 integrins in myogenic differentiation. During normal satellite cell differentiation, the β1 integrin was localized at areas of pseudopodial activity and points of cell contact. In contrast, in LSN satellite cell cultures the β1 integrin was predominantly observed in clusters not associated with points of cell to cell contact. The LSN satellite cells underwent
INTRODUCTION
Skeletal muscle development involves the processes of cell proliferation, differentiation, migration, cell-cell signaling fusion of myoblasts, and subsequent development of myofibers. As developing muscle proceeds through this highly regulated process, the myogenic cells interact with the extracellular matrix (ECM) environment. The ECM communicates information to the cell through cellular receptors, called integrins, which influence cell adhesion, migration, proliferation, and differentiation (Blaschuk and Holland, 1994; Boettiger et al., 1995; Chon et al., 1998) .
The integrins are a widely expressed family of heterodimeric cell surface receptors containing α-and β-subunits that link the ECM to the cellular cytoskeleton. The integrins, To whom correspondence should be addressed: velleman. 1@osu.edu. 245 apoptosis at the same time normal satellite cells were fusing to form multinucleated myotubes. During muscle development, the β1 integrin is regulated by alternative splicing from a β1A to β1D form. During both embryonic and posthatch pectoralis major muscle development, regulation of the β1A and β1D variants was altered in the LSN. Normal and LSN myogenic satellite cell cultures did not express the β1D integrin, but the LSN satellite cells expressed higher concentrations of the β1A integrin than did normal satellite cells. Taken together, these data further demonstrate the importance of the β1 integrin subunit in the regulation of cell-extracellular matrix signal transduction pathways during muscle growth and differentiation. therefore, provide a means for the bidirectional transmission of signal information between the ECM and cellular cytoskeleton network. During tissue development, integrins play a critical role in muscle development (Blaschuk and Holland, 1994; Boettiger et al., 1995; Chon et al., 1998) . The β1 integrin subunit is expressed by both myoblasts and myotubes. Investigations have shown that β1-containing integrins are important in the adhesion of muscle cells (Neff et al., 1982; Decker et al., 1984) and myoblast fusion into multinucleated myotubes (Rosen et al., 1992) . After the formation of the multinucleated myotubes, continued differentiation requires the expression of muscle-specific proteins leading to the formation of muscle fibers.
Cell-ECM interactions are important in promoting cell contacts. The expression and localization of integrins are likely to be critical in this process. As cells adhere to the ECM, the integrins form clusters of focal adhesions along the cell membrane. The α5β1 integrin is necessary for initial muscle differentiation and has a high affinity for fibronectin (Boettiger et al., 1995) . Zhang et al. (1995) showed that adhesion mediated by the α5β1 integrin upregulates the Abbreviation Key: ECM = extracellular matrix; LSN = low score normal; DAPI = 4′,6-diamino-2-phenylindole; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.
expression of the anti-apoptotic Bcl-2. During normal muscle development, the induction of apoptosis can eliminate unnecessary muscle cells. Integrin-mediated regulation of anti-apoptotic Bcl-2 is likely to play a pivotal role in skeletal muscle differentiation.
During muscle differentiation, the β1 integrin undergoes alternative splicing in the cytoplasmic domain (van der Flier et al., 1995) , with the β1A form being displaced by the β1D variant (Belkin et al., 1996 (Belkin et al., , 1997 . The β1A form has a high affinity for α-actinin whereas the β1D form associates with talin and enhances fibronectin ECM assembly (Belkin et al., 1997) . In studies by Belkin et al. (1997) , the β1D variant was shown to accumulate at all major sites of cell-matrix adhesion and inhibited cell migration. Muscle differentiation coincides with the formation of stable adhesions and decreased cell migration. Therefore, modifications in β1 integrin isoform expression and localization will affect the degree of cell adhesiveness to the ECM and alter cell migration. These properties are critical for the appropriate formation of skeletal muscle.
The chicken genetic muscle weakness, low score normal (LSN), exhibits altered formation of myotubes in vitro (Velleman and McFarland, 1999) and modified sarcomere structure in vivo . Since the β1 integrin subunit has been shown to be involved in processes critical to muscle development, initial studies were conducted to determine if β1 integrin expression was altered during LSN myogenesis (Velleman et al., 2000) . β1 Integrin expression was measured during myogenic satellite cell proliferation and differentiation in vitro. Satellite cells reside between the plasmalemma and basal lamina of muscle fibers (McFarland, 1999) . These cells function by proliferating, differentiating, and fusing with existing muscle fibers or other differentiating satellite cells leading to muscle fiber hypertrophy or regeneration. During proliferation, β1 integrin expression did not differ between normal and LSN satellite cells. However, after inducing differentiation, LSN β1 integrin expression was significantly lower than that measured for normal satellite cells. The objective of this study was to further our understanding of how the β1 integrin subunit mediates myogenic processes. To achieve this goal experiments were conducted on the temporal and spatial localization of the β1 integrin subunit, presence of apoptotic cells, and the expression of β1A and β1D variants.
MATERIALS AND METHODS

Satellite Cell Culture Conditions
Normal and LSN pectoralis major satellite cells were isolated previously 
Satellite Cell Immunolocalization
β1 Integrin satellite cell temporal and spatial localization was observed using the β1 integrin monoclonal antibody cell substrate attachment 7 (Neff et al., 1982) . At each sampling time, the culture medium was removed from the culture wells and washed 2× with PBS (137 mM NaCl, and 2 mM KH 2 PO 4 , pH 7.4). The cells were then fixed for 30 min at room temperature with 3% paraformaldehyde. After fixation, the cell cultures were washed 2× with PBS, and a 1:100 dilution of the primary β1 integrin antibody containing a 1:40 dilution of phallodin 8 and 2 µg/mL 4′,6-diamino-2-phenylindole (DAPI) 8 was applied for 17 h in the dark at 4°C. Dilutions were prepared in Blotto (3% nonfat dry milk, 20 mM Tris-HCl, and 100 mM NaCl, pH 7.5). Nonspecific binding was determined by incubating the cell cultures in Blotto without primary antibody. After the incubation, the culture wells were washed 2× with PBS, and a 1:200 dilution in Blotto of goat anti-mouse rhodamine red 8 was added for 1 h at room temperature in the dark. The samples were washed 2× with PBS and a 60:40 mixture of glycerol:PBS was added to each cell culture well to prevent drying. The cultures were viewed with an Olympus IX 70 microscope and the images recorded with an Olympus digital camera.
Detection of Apoptotic Satellite Cells
Normal and LSN satellite cell cultures were assayed for the presence of apoptotic cells. The satellite cell cultures were assayed by removing the cell culture medium and washing 2× with PBS. After washing the cell culture wells, a 1:500 dilution of CaspACE-fluoroisothiocyanate-valylalanyl-aspartyl [O-methyl]-fluoromethylketone in situ marker 9 and 2 µg/mL DAPI were added. Non-specific staining was measured by adding PBS in place of the caspase in situ marker. The cell culture plates were wrapped in aluminum foil and incubated for 20 min in a 95% air:5% CO 2 environment at 37°C. After the incubation, the cell culture plates were washed 2× in PBS and fixed with 3% paraformaldehyde for 30 min at room temperature in the dark. The cell culture wells were then washed 2× with PBS and a 60:40 glycerol:PBS mixture was added to each well prior to viewing with an Olympus IX 70 microscope and digitally recording the images with an attached Olympus digital camera.
Beta 1A and 1D Integrin Isoform Analysis
Total RNA was extracted from pectoralis major muscle by the method of Chomczynski and Sacchi (1987) from normal and LSN embryos at 12, 14, 16, and 18 d of development and from posthatch 1-, 4-, and 6-wk-old normal and LSN birds. In brief, total RNA was reverse transcribed into a cDNA using Ambion's 10 RETROscript first strand synthesis kit for reverse transcriptase (RT)-PCR. The primers developed for this study were based on information reported for the mouse β1D variant encompassing the cytoplasmic domain alternative splice site from nucleotides 2,441 to 2,522 (Belkin et al., 1996) . The forward primer was 5′ 2306 -AATTTGTAGCAGGCGTGGTTG-3′ 2326 and the reverse primer was 5′ 2550 -CACGGCGCTCTTCTAAA-TAGG-3′ 2530 . The PCR cycle conditions were denaturation at 94°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 3 min for 30 cycles with a 10-min final elongation at 72°C. The DNA sequence of the amplified β1A and β1D variants was determined with a Perkin Elmer ABI 377 sequencer 11 using 3′-dye dideoxynucleotide triphosphates labeling. The PCR products were electrophoresed on a 1% agarose gel and the relative density of the resulting bands was measured with a Kodak 1D Imaging System 12 . The relative densities for the β1A and β1D integrin isoforms were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (GenBank U94327). The GAPDH forward primer was 5′-GAGGGTAGTGAAGGCTGCTG-3′ and the reverse primer was 5′-CCACAACACGGTTGCTGTAT-3′. The PCR cycle conditions were: denaturation at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 3 min for 25 cycles with a final elongation for 10 min at 72°C.
β1A and β1D integrin isoform expression was measured in normal and LSN satellite cell cultures during proliferation and differentiation. Total RNA was extracted using Ambion's RNAqueous 10 small-scale phenol-free total RNA isolation kit according to the manufacturer's instructions. The RNA was reverse transcribed and amplified by PCR for β1A, β1D, and GAPDH as described for the tissue isolated RNA.
Statistical Analysis
Data were analyzed using the general linear model procedure of SAS Institute (1985) to estimate differences between the normal and LSN muscle-or satellite cell-derived samples at each sampling interval. Differences between means were evaluated using a Student's t-test. Differences were considered significant if P < 0.05.
RESULTS
Sequence Analysis of the Chicken β1A and β1D Integrin Isoforms
The chicken pectoralis major muscle β1A and β1D isoforms have 90% nucleotide homology and 100% amino acid homology to the alternative splice site reported in mouse (Belkin et al., 1996) (Figure 1A and B) . The chicken β1A and β1D integrin sequences reported in the current study have been submitted to GenBank and are available under accession numbers AY159125 and AF547620, respectively. The chicken β1D isoform contains an 82-bp insert compared to the β1A isoform.
β1 Integrin Localization during Myotube Differentiation
In normal satellite cell cultures during differentiation, the β1 integrin was localized at the pseudopodia as indicated by the arrows in Figure 2A . The cellular cytoskeleton as detected by staining with phalloidin was distinct and well organized. During satellite cell alignment, β1 integrin was observed at areas of cell-to-cell contact ( Figure 2B ). Although some β1 integrin was localized at the pseudopodia in the differentiating LSN satellite cells, LSN β1 integrin primarily formed clusters that appeared localized within the cell ( Figure 2C ). β1 integrin localization was not observed at points of cell-to-cell contact in the differentiating LSN satellite cells. The LSN satellite cell cytoskeleton network was diffuse and did not appear as well organized as in the normal satellite cells. The LSN satellite cells exhibited a rounded cellular morphology when the normal satellite cells were forming multinucleated myotubes. These rounded LSN satellite cells reacted with an anti-caspase antibody, specific for apoptotic cells, indicating the presence of apoptosis in the LSN satellite cell cultures during differentiation which was not detected in the normal satellite cell cultures ( Figure 3A and B).
The Transition Between the β1A and β1D Isoforms
The expression of β1A and β1D integrins was measured during normal and LSN embryonic ( Figure 4A and B) and posthatch muscle development ( Figure 4C and D) . During embryonic d 12 through 20, β1A concentrations were higher than β1D in both normal and LSN pectoralis major muscle. β1A expression declined with embryonic age. By 1 wk posthatch there was a transition from the β1A form being predominant to the β1D form in muscle from both lines.
Comparison of pectoralis major β1A to β1D integrin expression during normal and LSN embryonic and posthatch development showed differences in expression of the 2 integrin isoforms ( Figure 5A , B, C, and D). Embryonic β1A integrin expression was lower in the LSN muscle from 14 through 18 d of development ( Figure 5A ). A similar trend was measured for embryonic β1D expression ( Figure  5B ). At embryonic d 12, LSN β1A and β1D expression exceeded that for normal muscle, and by embryonic d 20 no significant difference was measured between the LSN and normal muscle. At 1 through 4 wk posthatch, LSN β1A and β1D expression was higher than that of normal muscle, and by 6 wk posthatch β1A and β1D expression was similar to normal muscle ( Figure 5C and D) . The β1D integrin was not detected in either normal or LSN satellite cell cultures during proliferation or differentiation ( Figure 6 ). The β1A form expressed during differentiation was significantly higher in the LSN satellite cell cultures compared with the normal satellite cell cultures.
DISCUSSION
Integrin-mediated cell adhesion to the ECM activates cellular signal transduction pathways (Giancotti and Ruoslahti, 1999) and is essential for cellular adhesive properties (Meredith and Schwartz, 1997) . Cell migration is a pivotal step in the formation of multinucleated myotubes. Myoblasts cultured in the presence of the β1 integrin cell substrate attachment antibody do not fuse to form multinucleated myotubes but continue to replicate (Menko and Boettiger, 1987) . Low score normal myogenic satellite cells form shorter myotubes with a reduced number of myonuclei per myotube in culture (Velleman and McFarland, 1999) . Velleman et al. (2000) showed LSN β1 integrin protein concentrations to be reduced in satellite cell cultures during differentiation when fusion is occurring but not in proliferating cells. In the present study, β1A integrin expression was higher in the LSN satellite cells during differentiation. It is possible that the β1A RNA is poorly translated into protein in the LSN satellite cell cultures or it is degraded. Low score normal β1 integrin temporal and spatial localization was altered from that observed in normal satellite cells during differentiation and the formation of multinucleated myotubes When integrins bind to the ECM, they form clusters along the cell membrane. This clustering leads to the formation of focal adhesions, the formation of cytoskeletal actin filaments, and the further enhancement of integrin binding to the ECM, unlike normal satellite cells that form well organized stress fibers. The disruption in cytoskeleton structure and altered integrin temporal and spatial localization will modify cell-ECM signaling necessary for the formation of multinucleated myotubes. One of the primary changes associated with integrin-ECM signaling is the tyrosine phosphorylation of protein such as paxillin, talin, and focal adhesion kinase (Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 1992) . Tyrosine phosphorylation has been associated with the formation of nascent focal adhesions (Giancotti and Ruoslahti, 1999) .
Cell survival during muscle formation may be associated with appropriate integrin-ECM binding. The anti-apoptotic protein, Bcl-2, is up-regulated by the α5β1 integrin (Zhang et al., 1995; Matter and Ruoslahti, 2001) . The α5β1 integrin is expressed at high levels during the initiation of differentiation and is down-regulated when multinucleated myotube formation begins (Boettiger et al., 1995) . Dominov et al. (2001) showed that the Bcl-2 protein is expressed in fetal and neonatal muscle cells that are mononucleate, desminpositive, and myogenin-negative. Changes in the amount of integrin binding and the spatial localization could decrease the cellular interaction with the ECM. In the LSN condition, both decreased β1 integrin expression (Velleman et al., 2000) and altered focal adhesion formation are likely to be involved with the observed differences in the morphological appearance of the LSN satellite cells during differentiation. The LSN satellite cells have a rounded appearance, form smaller multinucleated myotubes (Velleman and McFarland, 1999) , and exhibit decreased proliferation . It has been hypothesized that cells extending over a larger surface area proliferate faster than cells with a rounded morphology (Chen et al., 1997) , and the extended cells receive a signal for survival whereas the rounded cells have a loss of ECM contact and undergo apoptosis (Ruoslahti, 1997) . In the present study, the rounded LSN cells were observed to undergo apoptosis during differentiation while the normal satellite cells formed multinucleated myotubes.
During in vivo myogensis a switch in β1 integrin forms from the β1A to the β1D variant occurs (Belkin et al., 1996) . The β1A and β1D subunits are not functionally equivalent. Replacement of the β1A subunit with the β1D form results in midgestation lethality in mice (Baudoin et al., 1998) , and impairs primary myogensis (Cachaco et al., 2003) . β1D integrin expression is limited to cardiac and skeletal muscle (Zhidkova et al., 1995; Belkin et al., 1997) and is localized at points of cell-ECM adhesion (Belkin et al., 1996) . The β1D integrin supports the force of contraction in mature muscle by enhancing the cytoskeleton-ECM association by stabilizing focal adhesions through an interaction with talin, a component of cytoskeletal actin filaments, and reducing cell migration (Belkin et al., 1997) , and has been localized at myotendinous junctions (Tidball et al., 1986) . In the normal and LSN satellite cell cultures, expression of the β1D was not detected. Satellite cells in culture differentiate into multinucleated myotubes that do not need to support the force of contraction. The developmental period observed in the satellite cell cultures likely does not require the β1D integrin to support contractile force.
In vivo β1A and β1D expression from 12 d of embryonic development through 6 wk posthatch in both the normal and LSN pectoralis major muscle underwent the transition from the β1A form being the primary isoform during embryonic development to the β1D form being predominant during posthatch development. The results from the present study do not support exclusive expression of the β1A integrin during embryonic development and the β1D integrin during posthatch myogenesis. The β1D integrin was expressed during embryonic development, and the β1A FIGURE 6. Comparison of β1A integrin expression during normal and low score normal (LSN) satellite cell proliferation (P) and differentiation (D). *Indicates a significant difference (P < 0.05) between normal and LSN satellite cells at each sampling interval. Error bars represent the standard error of the mean.
form was produced up to at least 6 wk posthatch. It is possible that at stages preceding 12 d of embryonic development only the β1A integrin is expressed, and at muscle ages beyond 6 wk posthatch, the β1D form may be exclusively expressed. From embryonic d 14 through 18, LSN expression of the β1A and β1D integrins is reduced from that observed in normal muscle. How these changes in integrin expression affect skeletal muscle formation still remains unclear. Further research is required to elucidate how changes in β1 integrin isoform expression affect in vivo skeletal muscle development, growth, and function.
